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CHIRAL IMIDAZOLIUM SALTS FOR
ASYMMETRIC CATALYSIS

This application claims priority to and the benefit of appli-
cation Ser. No. 62/050,565 filed Sep. 15, 2014—the entirety
of which is incorporated herein by reference.

This invention was made with government support under
CHE1152010 awarded by the National Science Foundation.
The government has certain rights in the invention.

FIELD OF THE INVENTION

The present invention relates to a class of rigid, planar
chiral N-heterocyclic carbene catalysts that incorporate a
sterically demanding iron sandwich complex.

BACKGROUND OF THE INVENTION

N-Heterocyclic carbenes (NHCs) are unique and enabling
ligands for transition metal (TM) catalysis and have emerged
as selective organocatalysts for a remarkably diverse array of
transformations (Arduengo, A. I., Acc. Chem. Res. 1999, 32,
913-921; Herrmann, W. A., Angew. Chem., Int. Ed. 2002, 41,
1290-1309; Cesar, V. et al., Chem. Soc. Rev. 2004, 33, 619-
636; Marion, N. et al., Angew. Chem., Int. Ed. 2007, 46,
2988-3000; Hahn, F. E. et al., Angew. Chem., Int. Ed. 2008,
47, 3122-3172; Enders, D. et al., Chem. Rev. 2007, 107,
5606-5655; Bugaut, X. et al., Chem. Soc. Rev. 2012, 41,
3511-3522; Cohen, D. T. et al., Chem. Sci. 2012, 3, 53-57,
Douglas, J. etal., Synthesis 2012, 44, 2295-2309; Vora, H. U.
etal., Adv. Synth. Catal. 2012,354,1617-1639; De Sarkar, S.
etal., Chem. Fur. J. 2013, 19, 4664-4678; Ryan, S. J. et al.,
Chem. Soc. Rev. 2013,42,4906-4917, Phillips, E. M. et al., J.
Am. Chem. Soc. 2010, 132, 13179-13181; Candish, L. et al.,
Chem. Sci. 2012, 3, 380-383; Chen, J.; Huang, Y. Nat. Com-
mun. 2014, 5). Given the importance of these strongly nucleo-
philic Lewis bases in chemistry, major efforts by many inves-
tigators have produced numerous classes of structurally and
electronically diverse N-heterocyclic carbenes. Within this
truly broad family of heteroatom-stabilized divalent carbon
species, two major classes of N-heterocyclic carbenes derived
from triaziolium and imidazolium salts have demonstrated
applicability as ligands for transition metal and Lewis base
catalysis. Traizolium salts have seen broad application in
asymmetric organocatalysis, but their success in metal-based
transformations has been limited. In contrast, imidazolium-
derived N-heterocyclic carbenes (imidazol-2-ylidenes) have
been widely deployed as successful ligands for transition
metal catalysis and are unique catalysts for organocatalytic
transformations. The imidazol-2-ylidene, IMes, was first
introduced by Arduengo in 1992 (Arduengo, A. J. etal.,, M. J.
Am. Chem. Soc. 1992, 114, 5530-5534. Surprisingly, since
the disclosure of this important species over two decades ago
there still remain few chiral scaffolds based on IMes (Bolm,
C. etal., Organometallics 2002, 21, 707-710; Broggini, D. et
al., Helv. Chim. Acta 2002, 85, 2518-2522; Perry, M. C. et al.,
Tetrahedron: Asymmetry 2003, 14, 951-961; Seo, H.; Park,
H.-j.; Kim, B. Y. et al., Organometallics 2003, 22, 618-620;
Firstner, A. et al., J. Am. Chem. Soc. 2007, 129, 12676~
12677; Matsuoka, Y. et al., Chem. Eur. J. 2008, 14, 9215-
9222; Struble, J. R. etal., Org. Lett. 2008, 10, 957-960; Wiirtz,
S.etal.,, J Am. Chem. Soc. 2009, 131, 8344-8345; Ma, Q. et
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al., Tetrahedron: Asymmetry 2010, 21, 292-298). The satu-
rated analog of IMes (4,5-Dihydro-1,3-dimesityl-1H-imida-
zolium, SIMes) has been translated into multiple chiral vari-
ants. Although these chiral SIMes N-heterocyclic carbenes
have been successful in transition metal catalysis, their reac-
tivity in organocatalysis is markedly different from IMes and
have only recently been employed in asymmetric transforma-
tions.

A major challenge in carbene catalysis is the design and
implementation of a chiral IMes analog with competent
ligand and/or catalyst characteristics. While C,-symmetric
chiral imidazoliums are presumably the most accessible
through the dimerization of stereodefined amines, these
N-heterocyclic carbenes often deliver low levels of selectivity
as ligands in transition metal catalysis and are typically
unsuitable as organocatalysts (Herrmann, W. A. et al., Angew.
Chem., Int. Ed. 1996, 35, 2805-2807; Herrmann, W. A. et al.,
Organometallics 1997, 16, 2472-2477). Most notably, struc-
turally rigid N-heterocyclic carbenes that invoke planar
chirality are scarce in the literature, with most contemporary
examples featuring pendant planar chiral motifs with varying
degrees of free rotation.

The success of planar chiral ligands and catalysts in asym-
metric catalysis led to creating a new class of structurally
rigid planar chiral N-heterocyclic carbenes (Bolm, C. et al.,
Chem. Soc. Rev. 1999, 28, 51-59; Matsushima, Y. et al., J. Am.
Chem. Soc. 2001, 123,10405-10406; Gibson, S.E. etal., Org.
Biomol. Chem. 2003, 1, 1256-1269). Ferrocenyl-based
motifs have arguably received the most attention as planar
chiral scaffolds due to their successful application in impart-
ing high levels of selectivity in asymmetric catalysis (Halter-
man, R. L. Chem. Rev. 1992, 92, 965-994; Togni, A. Angew.
Chem., Int. Ed. 1996, 35, 1475-1477; Richards, C. J. et al.,
Tetrahedron: Asymmetry 1998, 9, 2377-2407; Colacot, T. J.
Chem. Rev. 2003, 103,3101-3118; Fu, G. C. Acc. Chem. Res.
2004, 37, 542-547; Gomez Arrayas, R. et al., Angew. Chem.,
Int. Ed. 2006,45,7674-7715). Encouraged by the high levels
of facial selectivity conferred by these scaffolds, it is desir-
able to create a N-heterocyclic carbene featuring fusion of a
metal sandwich complex with the core structure of an N-het-
erocyclic carbene framework.

SUMMARY OF THE INVENTION

The present invention can be directed to a rigid planar
chiral N-heterocyclic carbene (NHC) catalyst which can
incorporate a sterically demanding iron sandwich complex.
The NHC catalyst can comprise, without limitation, an imi-
dazolium salt component. In certain embodiments, the fusion
of an azolium motif with a ferrocenyl core provides a tunable
and modular approach for a chiral environment around the
C-2 position.

Without limitation, this invention can be directed to a rigid
planar chiral NHC catalyst, such as an imidazolium catalyst,
for use in asymmetric organocatalysis and transition metal
catalysis (see, e.g., Scheme 1, in accordance with certain
non-limiting embodiments of this invention).
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Scheme 1

Design of Planar Chiral
imidazolium Carbene

!

Ioenabling
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archiral

modular, chiral
IMes equivalent

Other objectives, features, benefits and advantages of the 30

present invention will be apparent from this summary and its
descriptions of certain embodiments of such NHC catalysts,
and will be readily apparent to those skilled in the art having
knowledge of the synthetic techniques described therewith.
Such objectives, features, benefits and advantages will be
apparent from the above as taken into conjunction with the
accompanying examples, data, figures and all reasonable
inferences to be drawn therefrom.

BRIEF DESCRIPTION OF THE DRAWINGS

35

40
FIG. 1 is the structure of (4a).
FIG. 2 is the structure of (4a-CuCl).

DETAILED DESCRIPTION OF CERTAIN

EMBODIMENTS a5

The invention relates to a rigid planar chiral N-heterocyclic
carbene (NHC) catalyst which incorporates a sterically

« reductive coupling (Ni)
« conjugate addition (Cu)

demanding iron sandwich complex. The catalyst comprises a
NHC component and an iron complex component. The NHC
component can be, for example, an imidazolium. The iron
complex can be, for example, ferrocene (or a ferrocenyl com-
ponent). The NHC component can also be substituted. For
example, an imidazolium component can be substituted at the
free nitrogen position with, for example, certain aryl groups
(Ar). Various non-limiting examples of aryl groups are recited
below in Scheme 2 below. Synthesis of the NHC as disclosed
herein starts with known iron-sandwich complex 1, which
can easily be prepared on multi-gram scale in six synthetic
steps (Scheme 2) (Rios, R.; Liang, J.; Lo, M. M. C.; Fu, G. C.
Chem. Comm. 2000, 377-378, incorporated herein by refer-
ence).

Scheme 2
Me o Me Me O
Cl _— — ——
\ \ [/
N a Xy N N Xp
| | |
Me Fe Me Xp = OH Me Fe Me Me Fe Me
l z Me l l
A N
Me Me Ph/\r ~ Me Me Me Me
Me Me Me Me
(=1 (+)>2 (-)-2
Prepared on
multi-gram Separable by column chromatography

scale

lb
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-continued
Me o Me
_—— _——
I \
N, N N
Ar/®\v ¢, d
| |
© Me Fe  Me Me Fe Me
BFy I |
Me Me Me Me
Me Me
(+)-PCF-I-Ar (4) (+)-3 from (+)-2
99:1 er
Ar= Me OMe F5C
Me Me OMe CF3
(+)-4b (+)-4c (+)-4d

Me

Me
(+)-PCF-IMes (da)
“Conditions: (a) Pd(dppf)Cly, NaOAc, (+)-pseudoephedrine, toluene, CO (balloon),

61% (combined yield of diastereomers); (b) DIBAL-H, THF, 78%; (¢) Ar— NH,,
formaldehyde, EtOH (HCI), THF, 51-70%; (d) AgBF,, MeCN, 74-95%.

Referring to Scheme 2, the preparation of enantiopure
aldehyde 3 involves the use of chiral preparative high-perfor-
mance liquid chromatography (HPLC), however a diastereo-
meric separation is advantageous for larger scale prepara-
tions. After multiple attempts invoking a variety of
diastereomeric separation methods, pseudoephedrine amides
(+)-2 and (-)-2 are easily separated by column chromatogra-
phy. Palladium-catalyzed aminocarbonylation of aryl chlo-
ride 1 allows for a straightforward route to the pseudo-ephe-
drine amide (2) and enables the crucial resolution.
Subsequent reductive cleavage of the amide with diisobuty-
laluminium hydride (DIBAL-H) yields the enantiopure alde-
hyde (>99:1 er by HPLC). Formation of the planar chiral
NHC:s is then achieved through an annulation described by
Aron and coworkers with the corresponding aniline and form-
aldehyde, followed by anion exchange with AgBF, (Hutt, J.
T. etal., Org. Lett. 2011, 13, 5256-5259). Absolute configu-
ration of the catalysts was then determined by X-ray crystal
analysis.

With an optimal route to the enantiopure products, the
reactivity of these new NHCs as Lewis base catalysts and
ligands for transition metal catalysis is explored. In particular,
the rigid NHC as described herein is tried in organocatalysis
(Chan, A. et al., J. Am. Chem. Soc. 2007, 129, 5334-5335;
Phillips, E. M. et al., J. Am. Chem. Soc. 2008, 130, 2416-
2417, Kawanaka, Y. et al., J Am. Chem. Soc. 2009, 131,
18028-18029; Raup, D. E. A. et al., Nat Chem 2010, 2, 766-
771; Cohen, D. T. et al., Angew. Chem., Int. Ed. 2012, 51,
7309-7313; and Dugal-Tessier, J. et al., Angew. Chem., Int.

Me

40

45

50

55

60

65

Ed. 2012, 51, 4963-4967; all incorportated herein by refer-
ence). One such reaction which remains difficult to perform
with high levels of selectivity is the NHC-catalyzed
homoenolate (a reactive intermediate that possesses an
anionic or nucleophilic carbon [ to a carbonyl group or its
synthetic equivalent) addition to c-ketoesters first reported by
Glorious in 2006 (Burstein, C. et al., Synthesis 2006, 2006,
2418-2439; and L4, Y. et al., Adv. Synth. Catal. 2008, 350,
1885-1890, all incorporated herein by reference). Promoting
this transformation using catalyst 4a (FIG. 1) is successful,
providing the annulation (a new ring constructed on another
molecule) product in good yield (74% yield). Upon analysis
of'the products by chiral HPL.C, the major and minor diaste-
reomers are obtained in yield of 66:44 and 62:38 er’s, respec-
tively (Scheme 3, equation 1). Catalysts 4b and 4d are not as
good for the transformation, as the corresponding reactions
progress at less than 20% conversion. This lack of reactivity
observed for catalysts 4b and 4d may be due to the lack of
ortho-substitution on the pendant aromatic ring, which is
believed to be crucial for catalyst turnover (Mahatthananchai,
J.etal., Chem. Sci. 2012, 3, 192-197, incorporated herein by
reference). Catalyst 4c¢ provides the highest levels of enanti-
oselectivity (85:15 er, major), but fails to demonstrate any
diastereoselectivity (1:1). While the NHCs as described
herein have potential to be capable Lewis base catalysts for
the promotion of homoenolate reactivity, further modulation
of'the aryl substituent may be necessary to impart high levels
of selectivity and reactivity in transformations of this nature.
Further evaluation of catalyst structure requirements and
applications towards organocatalytic transformations are cur-
rently ongoing.



US 9,334,297 B2

7

A recent report by Montgomery et al. demonstrates the
ability of saturated imidazolium NHCs to impart high levels
of enantioselectivity in nickel-catalyzed reductive couplings
(Chaulagain, M. R. et al., J. Am. Chem. Soc. 2007, 129,
9568-9569; and Liu, P. et al., J. Am. Chem. Soc. 2011, 133,
6956-6959, both incorporated herein by reference), whereby
a C, symmetric NHC is an efficient ligand for the coupling of
simple alkynes and aldehydes (Seiders, T. J. et al., Org. Lett.
2001, 3, 3225-3228, incorporated herein by reference).
Adequate selectivity is reported for reductive coupling of
alkynes and aldehydes, but there still remains room for further
improvement for the enantioselectivity of these reactions
(Miller, K. M. etal.,J. Am. Chem. Soc. 2003, 125,3442-3443,
incorporated herein by reference). As such, the NHCs as
described herein are also investigated as a ligand for asym-
metric catalysis. Following reaction conditions developed by
Montgomery, the NHCs of the invention are shown to be
competent in the Ni-catalyzed reductive coupling of benzal-
dehyde and 1-phenyl-1-propyne using triethylsilane as the
terminal reductant (Scheme 2, equation 2). The allylic alco-
hol product is formed with excellent regioselectivity (>20:1)
and enantiometeric ratio (about 93:7). This represents the
highest selectivity to date for this transformation.

In another embodiment, the NHCs as described herein are
used in the copper-catalyzed conjugate borylation of a.f3-
unsaturated esters with a boron-containing compound (Ito, H.
etal., Tetrahedron Lett. 2000, 41, 6821-6825; Lee, J.-E. et al.,
Angew. Chem., Int. Ed. 2008, 47, 145-147; Schiffner, J. A. et
al., Angew. Chem., Int. Ed. 2010,49,1194-1196; Luo,Y. etal.,
Angew Chem Int Ed Engl 2014, 53, 4186-4190; Hirsch-Weil,
D. etal., Chem. Comm. 2010,46,7525-7527; and O’Brien, J.
M. et al., J. Am. Chem. Soc. 2010, 132, 10630-10633, all
incorporated herein by reference). The preparation of the
enantiopure copper-NHC complex (-)-4a-CuCl is accom-
plished following literature procedures and a crystal structure
is obtained (FIG. 2) (Citadelle, C. A. et al., Dalton Trans.
2010, 39, 4489-4491). This NHC-copper complex profi-
ciently catalyzes the conjugate borylation of ethyl-cinnamate
with an excellent yield (91%) and selectivity (98:2 er)
(Scheme 2, equation 3).

Scheme 3
NHC-catalyzed annnlation

M

Ph CO,Et (+)-4 (10 mol %)
TBD (25 mol %)
+ _ =
4 A sieves
O THF
Ph /\)J\H
fo) O
0 O
W P
pr e,
“CO,Ft “Ph
Ph t0,C
Major Minor

8
-continued
[catalyst yield (%) dr er (Major) er (Minor)]
4da 74 1.6:1 66:44 er 62:38 er
4c 62 1:1 85:15 er 75:25 er

@
(-)-4a (10 mol %)
Ni(cod), (10 mol %)

Me

e

)J\ "
Ph H KO Bu (10 mol %)
Et3SiH (2 equiv)

THF

Ph

OSiEt;

15

Me
65% yield, 93:7 er

20
&)
(-)-4a-CuCl (1 mol%)
(Bpin); (1.1 equiv)
Cs,CO;3 (2 mol %)
25 toluene, MeOH

O B(pin)

EtO
91% yield, 98:2 er

Ph

Me
40
(-)-4a-CuCl
EXAMPLES OF THE INVENTION
45

General Information.

All reactions are carried out under a nitrogen atmosphere in
oven-dried glassware with magnetic stirring. Tetrahydrofu-
ran (THF), diethyl ether, dimethylformamide (DMF), ben-
zene, toluene, and dichloromethane are purified by passage
through a bed of activated alumina (Pangborn, A. B. et al.,
Organometallics 1996, 15, 1518, incorporated herein by ref-
erence). Reagents are purified prior to use unless otherwise
stated following the guidelines of Perrin and Armarego (D. D.
Perrin, W. L. Armarego, Purification of Laboratory Chemi-
cals; 3rd Ed., Pergamon Press, Oxford. 1988, incorporated
herein by reference). Purification of reaction products is car-
ried out by flash chromatography using EM Reagent, Sili-
cycle silica gel 60 (230-400 mesh) or using Sigma-Aldrich
neutral, activated aluminum oxide (Brockmann I). Analytical
thin layer chromatography is performed on EM Reagent 0.25
mm silica gel 60-F plates. Visualization is accomplished with
UV light and ceric ammonium nitrate stain, potassium per-
manganate stain or ninhydrin stain followed by heating Infra-
red spectra are recorded on a Bruker Tensor 37 FT-IR spec-
trometer. "H-NMR spectra are recorded on a Bruker Avance

50

55
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500 MHz w/ direct cryoprobe (500 MHz) spectrometer and
are reported in ppm using solvent as an internal standard.
Data are reported as (ap=apparent, s=singlet, d=doublet,
t=triplet, q=quartet, m=multiplet, b=broad; coupling
constant(s) in Hz, integration). Proton-decoupled **C-NMR
spectra are recorded on a Bruker Avance 500 MHz w/direct
cryoprobe (125 MHz) spectrometer and are reported in ppm
using solvent as an internal standard (CDCI, at 77.05 ppm).
Mass spectra data are obtained on a Waters Acquity Single
Quadrupole ESI Spectrometer and Micromass Quadro 11
Spectrometer.

Synthesis of Planar Chiral Ferrocenyl NHC
Example 1

Pentamethyl-n°-cyclopentadienyl (3-chloro-1-me-
thyl-n>-cyclopenta[b]pyridinyl)iron (1)

Me
Cl \\

N Cl i

S, R

P Me Fe Mo
I

Me Me Me
Me

M

(1)n-Butyl lithium in hexanes (1.55 M, 10.5 mL,, 16.3
mmol) is added dropwise to a 0° C. solution of 1,2,3.4,5-
pentamethylcyclopentadiene (2.68 mL, 16.3 mmol) in THF
(70 mL), resulting in a milky-white solution. The resulting
slurry is stirred for 1 hour at 0° C. and added by cannula to a
slurry of iron(II) chloride (16.3 mmol) in THF (40 mL) at 0°
C. (the FeCl, had been suspended in THF by heating to 40°
C.). Additional portions of THF (2x10 mL) are added to
completely transfer the white slurry. Upon completion of the
addition, the resulting green solution is stirred at 0° C. for 1
hour and at room temperature for 1 hour. To a separate round
bottom flask, n-Butyl lithium in hexanes (1.55 M, 9.15 mL,,
14.2 mmol) is added dropwise to a solution of 2-chloro-4-
methyl-SH-cyclopenta[b]pyridine (Rios, R.; Liang, J.; Lo, M.
M. C.; Fu, G. C. Chem. Comm. 2000, 377; and Ruble, J. C.;
Fu, G. C. J. Org. Chem. 1996, 61, 7230, both incorporated
herein by reference) (2.35 g, 14.2 mmol) in THF (40 mL) at
—78° C. and stirred for 1 hour at —78° C. and then warmed to
0° C. and stirred an additional 10 min. The solution is then
transferred by cannula to the stirring solution of Cp*FeCl in
THF at 0° C. After completion of the addition, the reaction
mixture is allowed to slowly warmed from 0° C. to ambient
temperature and stirred for 12 hours (the reaction is moni-
tored by thin layer chromatography (TLC) analysis (20%
EtOAc/Hexanes) product appears as dark purple spot). The
reaction mixture is filtered through a short silica pad, rinsing
with dichloromethane (DCM) and then concentrated under
vacuum. The crude product is purified by flash chromatogra-
phy on silica gel (5§ to 10% EtOAc/Hexanes) to afford the
corresponding ferrocenyl chloride (4.3 g, 12.1 mmol, 85%
yield). Note: Bench stable intermediate. Analytical data for 1:
'HNMR (500 MHz, CDCl5) 8 6.71 (d, J=1.19 Hz, 1H), 4.70
(dd,J=1.14,2.64 Hz, 1H), 4.24 (d,J=1.14,2.76 Hz, 1H), 3.88
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(t,J=2.72Hz, 1H),2.39 (d, J=1.17 Hz, 3H), 1.69 (s, 15H); *C
NMR (126 MHz, CDCl,) d 154.83, 149.26, 116.54, 108.45,
80.81, 79.13, 76.57, 67.43, 62.08, 19.43, 10.17. IR (neat) v
2905,1699,1653,1571,1559,1523,1507,1457,1379, 1246,
1096, 1065, 1027, 891 cm™. LRMS (EI): Mass calcd for
C,oH,,CIFeN [M]+, 355.1, 356.1, 357.1. Found 355.2,
356.2,357.2.

Example 2
Pentamethyl-n’-cyclopentadienyl (ethyl 1-methyl-

1°-cyclopenta[b]pyridinyl-3-carboxylate)iron (Race-
mic Synthesis) (x-2a)

Me
c 1 — Pd(dppHCl,
N NaOAc¢, CO
EtOH
—_—
I
Me 1|:e Me
Me Me
Me
@®
Q Me
_—
\
EtO N
|
Me 1|:e Me
Me Me
Me
(x-2a)

To a solution of iron(I1) 1,2,3.4,5-pentamethylcyclopenta-
2,4-dien-1-ide 2-chloro-4-methyl-5H-cyclopenta[b]pyridin-
5-ide (1) (1.0 g, 2.8 mmol) in ethanol (60 mL) is added dry
sodium acetate (0.46 g, 5.6 mmol). The solution is then
degassed by sparging with nitrogen for 30 minutes, after
which Pd(dppf)Cl, (165 mg, 0.23 mmol) is then added. Car-
bon monoxide is then bubbled through the solution for 15
minutes and then the solution is kept under an atmosphere of
carbon monoxide (balloon). The reaction is heated at 75° C.
and stirred for 6~12 hours (monitoring by TLC analysis, 20%
EtOAc/Hex). After the reaction is deemed complete by TLC
analysis, the reaction is filtered through celite, washed with
DCM, and then concentrated. The residue is then partitioned
between ethyl acetate and water, separated, and the organic
layer is washed with brine, dried over MgSO,, filtered, and
concentrated. The crude material is then purified by flash
chromatography on silica gel (20% EtOAc/Hex) to provide
the pure ester as a blue/green solid (1.04 g, 2.64 mmol, 94%
yield). Note: The ester decomposes when standing in air at
ambient temperature, stable >2 months at -30° C. Analytical
data for (3): '"H NMR (500 MHz, CDCl,) § 7.47 (q, J=1.04
Hz, 1H), 5.00 (dd, J=1.09 Hz, 1H), 4.51 (m, 2H), 4.44 (dq,
J=1.63 Hz, 1H), 4.07 (t, J=2.75 Hz, 1H), 2.46 (d, J=1.13 Hz,
3H), 1.61 (s, 15H), 1.43 (t, I=7.09 Hz, 3H); '*C NMR (126
MHz, CDCl;) d 165.97, 151.56, 149.26, 115.43, 108.03,
84.55,79.08,78.78, 68.55,62.77, 61.70, 19.78, 14.64, 10.01.
IR (neat) v 2970, 2904, 1736, 1710, 1531, 1468, 1372, 1349,
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1322, 1220, 1182, 1106, 1029 cm™". LRMS (EI): Mass calcd
for C14H13Br [M]+, 260.0, 262.0. Found 260.1, 262.1.

Example 3

Pentamethyl-n‘’-cyclopentadienyl (1-methyl-n>-cy-
clopenta| b]pyridinyl-3-carbaldehyde)iron (Racemic

Aldehyde)
o Me
—_—
\
EtO N
| DIBAL-H
Me 1|:e Me ——
Me Me
Me
(2a)
Q Me
——
\
H N
|
Me 1|:e Me
Me Me
Me
3

Diisobutylaluminum hydride (1M in hexane, 2 equiv) is
added dropwise to a solution of ferrocenyl ester (2a) (1 equiv,
1.0 g) in toluene (0.7 M) at —78° C. and stirred for 2 hours at
the same temperature. The reaction is carefully quenched
with MeOH (3 equiv) at -78° C. A saturated solution of
potassium sodium tartrate is added to the reaction mixture
and warmed to ambient temperature and stirred for 2 hours.
The reaction mixture is then transtferred to a separatory funnel
and diluted with ethyl acetate. The organic layer is separated
and the aqueous layer was extracted with EtOAc (2x20 mL),
the combined organics are then dried over Na,SO, and con-
centrated in vacuo. The crude product is purified by flash
chromatography on silica gel (5% EtOAc/Hex) to afford the
corresponding ferrocenyl aldehyde as a green solid (0.59 g,
56%) (3). Note: The aldehyde is bench stable (>2 months).
Analytical data for the aldehyde: 'H NMR (500 MHz,
CDCl,) 8 9.97 (s, 1H), 7.33 (d, J=1.24 Hz, 1H), 4.92 (dd,
J=1.03,2.85 Hz, 1H), 4.54 (dd, J=1.09, 2.88 Hz, 1H), 4.20(t,
1=2.77 Hz, 1H), 2.47 (d, JI=1.16 Hz, 3H), 1.59 (s, 15H); °>C
NMR (126 MHz, CDCl,) 8 193.56, 155.00, 151.67, 111.70,
107.90, 85.39, 79.98, 78.98, 68.57, 63.87, 19.84, 9.91. IR
(neat) v 2923, 2854, 1693, 1539, 1457, 1375, 1309, 1147,
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1027, 851, 773, 700 cm™. LRMS (EI): Mass caled for
C,oH,,FeNO [M+H]", 250.1. Found 250.2.

Example 4
Pentamethyl-n’-cyclopentadienyl (N-((18,2S)-1-

hydroxy-1-phenylpropan-2-y1)-N, 1-dimethyl-n’-
cyclopenta| b]pyridinyl-3-carboxamide)iron

Me
Cl =
b Pd(dppf)CL,
NaOAc,
! (+)-pseudoephedrine
Me Fe Me
| Toluene, 70° C.
CO (balloon)
Me Me
Me
(€]
XP =
OH
: Me Me Me
~ N
Ph/\r ~ Me
Me
+2)
Me O
e
/
N Xy
|
Me 1|:e Me
Me Me
Me

-

A flame dried 2 dram vial equipped with a stirbar is charged
with Pentamethyl-r)>-cyclopentadienyl (3-chloro-1-methyl-
M°-cyclopenta[b]pyridinyl)iron (1) (100 mg, 0.281 mmol),
sodium acetate (46.1 mg, 0.562 mmol), and (1S,25)-(+)-
pseudoephedrine (93.0 mg, 0.562 mmol). The vial is then
taken into the glovebox where Pd(dppf)Cl, (16.5 mg, 0.022
mmol) is added and the vial is then sealed with a screw cap
with teflon coated septa. After taking the vial out of the
glovebox, toluene (1.5 mL) is added and then carbon mon-
oxide is bubbled through the solution for 15 minutes. The
reaction mixture is then heated to 70° C. under carbon mon-
oxide (1 atm, balloon). After the reaction is deemed complete
by TLC analysis (50% EtOAc/Hexanes, 6 hours, Rf~0.25
(dark blue, no stain), Rf~0.15 (lavender, no stain)) the reac-
tion mixture is allowed to cool to ambient temperature,
opened to air, and stirred for 15 minutes. The crude reaction
mixture is then directly loaded onto a column of silica gel
(30-80% EtOAc/Hexanes) to afford the pure diastereomers
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(88 mg, 61% combined yield) as dark purple solids. Absolute
configurations are determined from the crystal structure of
the NHC prepared from the corresponding material. Note:
The amide decomposes at ambient temperature in air, but can
be stored at —30° C.>2 months. Analytical data for the (+)-
amide Rf~0.25: "H NMR (500 MHz, C¢Dy) 8 8.10 (d, I=7.5
Hz, 1H), 7.38 (d, J=7.5 Hz, 2H), 7.32 (s, 1H), 7.07 (d, I=7.4
Hz, 1H), 4.89 (d, J=2.7 Hz, 1H), 4.59 (m, 2H), 4.07 (d, J=2.8
Hz, 1H), 3.78 (m, 1H), 3.10 (s, 3H), 2.06 (s, 3H), 1.51 (s,
15H), 0.58 (d, J=5.4 Hz, 3H); >C NMR (126 MHz, CD,Cl,)
d 168.86, 155.14, 153.91, 144.23, 128.34, 127.41, 127.03,
116.90, 105.89, 83.38, 79.06, 78.17, 75.59, 66.61, 62.42,
58.56, 26.80, 19.55, 16.19, 9.78. IR (neat) v 3233, 2905,
2361,1698,1635,1559, 1473,1456, 1381, 1285,1054, 1027,
768, 729, 702 cm™'. LRMS (EI): Mass calcd for
C;0H;5,FeN,O, [M+H]*, 513.2. Found 513.3.

Example 5

(+)-Pentamethyl-1°-cyclopentadienyl (1-methyl-n>-
cyclopenta[b]pyridinyl-3-carbaldehyde)iron (3)

Me o
Ph 1
e, \
\l) N )\%
OH Me

Me
——
1 DIBAL-H
Me 1|:e Me ——

Me Me

Me
@

A

Fe

Me Me

Me
&)

Diisobutylaluminum hydride (0.9 M in hexane, 0.43 mL,
0.39 mmol) is added dropwise to a solution of pseudoephe-
drine amide (2) (50 mg, 0.10 mmol) in THF (2 mL) at -78° C.
(acetone/CO,(s)) and the reaction mixture is allowed to stir at
-78° C. for 2 hours (the reaction is monitored by TL.C analy-
sis (50% EtOAc/Hex, reaction quenched with methanol in
spotter)). Once the reaction is deemed complete, it is care-
fully quenched with wet MeOH at -78° C. The reaction
mixture is then diluted with diethyl ether and a saturated
solution of potassium sodium tartrate is added. The reaction
mixture is then warmed to ambient temperature and stirred for
4 hours. The organic layer is then separated and the aqueous
layer is extracted with diethyl ether (3x10 mL.) The combined
organic layers are then washed with brine, dried over MgSO,,
and concentrated in vacuo. The crude product is purified by
flash chromatography on silica gel (10-20% EtOAc/Hex,
green band) to afford the corresponding ferrocenyl aldehyde
as a green solid (27 mg, 78% yield) (3). Note: The aldehyde is
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bench stable (>2 months). Analytical data for the aldehyde
matches that of the racemic: 'H NMR (500 MHz, CDCl,) &
9.97 (s, 1H), 7.33 (d, J=1.24 Hz 1H), 4.92 (dd, J=1.03, 2.85
Hz, 1H), 4.54 (dd, J=1.09, 2.88 Hz, 1H), 4.20 (t, J=2.77 Hz,
1H), 2.47 (d, I=1.16 Hz, 3H), 1.59 (s, 15H); 1*C NMR (126
MHz, CDCl;) § 193.56, 155.00, 151.67, 111.70, 107.90,
85.39, 79.98, 78.98, 68.57, 63.87, 19.84, 9.91. IR (neat) v
2923,2854, 1693, 1539, 1457, 1375, 1309, 1147, 1027, 851,
773, 700 cm™'. LRMS (EI): Mass calcd for C,,H,,FeNO
[M+H]*, 250.1. Found 250.2. Enantiomeric ratio was mea-
sured by chiral phase HPLC (Regis (S,S)-Whelk-01, 25
cmx4.6 mm; 5% IPA/hexanes 0.7 ml/min, 254 nm),
Rtl (-)=25.1 min, Rt2 (+)=27.5 min; >99% ee. R12 (+)
[c] ,29=422.4° (c=0.005, MeOH).

Example 6

(+)-Ferrocenyl Mesityl Imidazolium Chloride (4a'")

o Me
—_—
H }\T Mes-NH,,
Formaldehyde
1 EtOH (HCI)
Me 1|:e Me >
Me Me
Me
&)
Me
——
Mes /g\vN
|
o Me 1|:e Me
Cl
Me Me
Me
(42)

The NHCs disclosed herein are prepared by of modified
literature procedure (Hutt, J. T. et al., Org. Lett. 2011, 13,
5256, incorporated herein by reference). A 2 dram vial
equipped with a stir bar is charged with formaldehyde (37%,
181 mg, 2.23 mmol), THF (5 mL), and 2.4,6-trimethylaniline
(166 mg, 1.23 mmol). The mixture is stirred at ambient tem-
perature for 20 minutes and then HC1 (3.0 M in EtOH, 0.457
ml, 1.34 mmol) is added and the mixture is stirred for 30
minutes. Pentamethyl-n>-cyclopentadienyl (1-methyl-n’-
cyclopenta| b]pyridinyl-3-carbaldehyde)iron (3) (390 mg, 1.1
mmol) is then added, and the reaction is allowed to stir at
ambient temperature for 3 hours and then concentrated. The
crude residue is purified by flash chromatography on neutral
alumina (acetone to 5:1, acetone:EtOH), and then the residue
is washed with 5:1 Et,O:EtOAc to afford the NHC as an
orange solid (398 mg, 69%). Note: On occasion the reaction
does not go to completion, in these cases the starting material.
is isolated and resubjected to the reaction conditions. Note:
The NHCs are bench stable, but hydroscopic and should be
stored in a desiccator or glovebox. Analytical data for (4a'):
'H NMR (500 MHz, CDCl,) 8 12.28 (s, 1H), 7.18 (s, 1H),
7.03 (d, J=14.7 Hz, 2H), 7.00 (s, 1H), 6.82 (s, 1H), 6.29 (s,
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1H), 4.16 (d, J=2.60 Hz, 1H),3.99 (m, 1H), 2.37 (s, 3H), 2.34
(s, 3H), 2.23 (s, 3H), 2.08 (s, 3H), 1.62 (s, 15H); '*C NMR
(126 MHz, CDCL,) 8 141.18, 141.09, 134.68, 133.78, 131.57,
130.59, 130.14, 130.05, 113.89, 105.16, 90.14, 81.46, 77.36,
76.98,76.61,73.63, 65.76, 64.94,21.24,19.51, 18.15, 17.96,
10.01. IR (neat) v 3296, 3061, 2969, 2910, 1699, 1629, 1568,
1498, 1479, 1379, 1259, 1218, 1031 cm™™.

Example 7

(+)-Ferrocenyl Mesityl Imidazolium
Tetrafluoroborate (4a)

Me
——
Mes /g N~ N
1 AgBF4
o Me Fe Me
Cl l
Me Me
Me
(4a")
Me
—
Mes /g N N
|
o Me Fe Me
BE, l
Me Me
Me
(4a)

A flame-dried 2 dram vial equipped with a stirbar is
charged with the ferrocenyl imidazolium chloride (150 mg,
0.29 mmol) (4a"). The solid is then dissolved in acetonitrile
(2.9 mL) and then silver tetrafluoroborate (68 mg, 0.35 mmol)
is added. The reaction mixture is allowed to stir at ambient
temperature under nitrogen for 16 hours. The reaction mix-
ture is then concentrated in vacuo and the crude residue is
purified by flash chromatography on neutral alumina (Ac-
etone:EtOH, 7:1) to afford the pure tetrafluoroborate salt of
the NHC (4a) as an orange/red solid (149 mg, 90% yield).
Analytical data for 5: 'HNMR (500 MHz, CDC1,) § 10.10 (s,
1H), 7.24 (d, J=1.48 Hz 1H), 7.05 (s, 1H), 7.02 (s, 1H), 6.86
(s, 1H), 5.60 (m, 1H), 4.20 (m, 1H), 4.04 (q, J=2.55 Hz, 1H),
2.39 (s, 3H), 2.36 (s, 3H), 2.18 (s, 3H), 2.01 (s, 3H), 1.66 (s,
15H); '3C NMR (126 MHz, CDCl,) & 141.46, 141.37,
134.68, 133.77, 131.33, 131.06, 130.14, 130.03, 129.92,
114.57, 105.25, 89.81, 81.56, 73.86, 66.04, 63.31, 21.31,
19.54,17.78,17.51,9.84.1R (neat) v 3118,2909, 1628, 1569,
1457, 1383, 1062 cm™". [a] 5>°=+38.5° (c=0.01, MeOH).
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Example 8

(+)-Ferrocenyl Phenyl Imidazolium Chloride (4b")

Me
—_—
I \ Aniline,
N Formaldehyde,
1 EtOH (HCI)
—_—
Me 1|:e Me
Me Me
Me

3)

Me

(40"

A 2 dram vial equipped with a stir bar is charged with
formaldehyde (37%, 23.2 mg, 0.286 mmol), THF (1.5 mL),
and aniline (16.0 mg, 0.17 mmol). The mixture is stirred at
ambient temperature for 30 minutes and then HCI (3.0 M in
EtOH, 0.110 mL, 0.329 mmol) is added and the mixture is
stirred for 30 minutes. (+)-Pentamethyl-n>-cyclopentadienyl
(1-methyl-n°-cyclopenta[b]pyridinyl-3-carbaldehyde)iron
(3) (50 mg, 0.143 mmol) is then added, and the reaction is
allowed to stir at ambient temperature for 3 hours while
monitoring by TLC analysis (90:10:1, DCM:MeOH:AcOH,
Rf~0.25). The crude residue is purified by flash chromatog-
raphy on neutral alumina (acetone to 5:1, acetone: EtOH), and
then the residue is washed with 5:1 Et,O:EtOAc to afford the
NHC as an orange solid (47.2 mg, 70%) (4b"). Analytical data:
'H NMR (500 MHz, CDCls) 8 12.76 (s, 1H), 8.08 (s, 2H),
7.74 (s, 1H), 7.60 (s, 2H), 7.47 (s, 1H), 6.82 (s, 1H), 6.21 (s,
1H), 4.15 (s, 1H),3.99 (s, 1H), 2.34 (5, 3H), 1.63 (s, 17H); 1*C
NMR (126 MHz, CDCl,) § 141.46, 134.98, 131.09, 130.90,
130.00, 121.56, 110.65, 105.22, 89.42, 81.58, 73.75, 65.98,
65.03, 19.56, 9.84. IR (neat) v 3060, 2908, 1629, 1598, 1570,
1467, 1381, 1276, 1073, 1031, 829, 802 cm™*. LRMS (EI):
Mass caled for C,,H,gFeN, [M]*, 437.2. Found 437.3.

Example 9

(+)-Ferrocenyl Phenyl Imidazolium
Tetrafluoroborate (4b)

AgBF,
—

Me

Me

Me
(4b")
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-continued
Me

N v

Me Fe Me

1)
BF,

Me Me

Me
(4b)

A flame-dried 2 dram vial equipped with a stirbar is
charged with the ferrocenyl imidazolium chloride (35 mg,
0.074 mmol) (4b"). The solid is then dissolved in acetonitrile
(1 mL) and then silver tetrafluoroborate (17.3 mg, 0.089
mmol) is added. The reaction mixture is allowed to stir at
ambient temperature under nitrogen for 16 hours. The reac-
tion mixture is then concentrated in vacuo and the crude
residue is purified by flash chromatography on neutral alu-
mina (acetone:EtOH, 7:1) to afford the pure tetrafluoroborate
salt of the NHC as an orange/red solid (4b) (34 mg, 88%
yield). Analytical data: 'H NMR (500 MHz, CDCl;) 8 10.78
(s, 1H), 7.86, 7.80 (m, 2H), 7.78 (d, J=3.8 Hz, 1H), 7.48 (m,
2H), 7.40 (t, J=7.5 Hz, 1H), 6.84 (d, J=1.6 Hz, 1H), 5.61 (s,
1H), 4.19 (s, 1H), 4.10 (m, 1H), 3.99 (d, J=2.7 Hz, 1H), 2.31
(s, 3H), 1.58 (d, J=1.4 Hz, 16H).; *C NMR (126 Mz,
CDCl,) 8 141.25, 134.65, 131.33, 130.82, 130.19, 126.86,
121.53, 111.68, 105.44, 88.93, 81.58, 77.36, 73.74, 66.11,
63.43,19.48,9.61. IR (neat) v 3060, 2908, 2854, 2360, 1630,
1383, 1072, 690, 589 cm™. LRMS (EI): Mass calcd for
C,,H,oFeN, [M]*, 437.2. Found 437.3. [at],>°=+53.5°
(¢=0.01, MeOH).

Example 10

(+)-Ferrocenyl 2,6-dimethoxyphenyl imidazolium

chloride (4¢')
OMe
NH,
Q Me
_—
I }\1 OMe
Formaldehyde,
. EtOH, (HCl)
Me 1|:e Me
Me Me
Me

(©)
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-continued

Me
OMe

Fe Me

Me

Me
(4ch)

A 2 dram vial equipped with a stir bar is charged with
formaldehyde (37%, 69.7 mg, 0.859 mmol), THF (4.5 mL),
and 2,6-dimethoxyaniline (79.0 mg, 0.515 mmol). The mix-
ture is stirred at ambient temperature for 30 minutes and then
HCI (3.0 Min EtOH, 0.329 mL, 0.988 mmol) is added and the
mixture is stirred for 30 minutes. (+)-Pentamethyl-r°-cyclo-
pentadienyl (1-methyl-n>-cyclopenta[b]pyridinyl-3-carbal-
dehyde)iron (3) (150 mg, 0.429 mmol) is then added, and the
reaction is allowed to stir at ambient temperature for ~3 hours
while monitoring by TLC analysis (90:10:1, DCM:MeOH:
AcOH, Rf~0.25). The crude residue is purified by flash chro-
matography on neutral alumina (acetone to 5:1, acetone:E-
tOH), and then the residue is washed with 5:1 Et,O:EtOAc to
afford the NHC as an orange solid (4¢') (148 mg, 65%).
Analytical data: "H NMR (500 MHz, Methanol-d,) & 11.85
(s, 1H), 7.42 (t,J=8.3 Hz, 1H), 7.28 (s, 1H), 6.80 (s, 1H), 6.72
(d, J=8.4 Hz, 2H), 6.32 (s, 1H), 4.11 (d, J=2.3 Hz, 1H), 3.96
(d, J=2.5Hz, 1H),3.89 (s, 6H), 2.34 (s, 3H), 1.68 (s, 19H). 1*C
NMR (126 MHz, CDCl,) § 154.98, 139.56, 134.01, 132.11,
129.40, 115.50, 113.29, 105.53, 104.93, 89.72, 81.45,76.65,
73.29, 65.61, 65.03, 56.84, 19.45, 9.83. IR (neat) v 3022,
2898, 2362, 1624, 1603, 1541, 1258, 1115, 1029, 779 cm™".
LRMS (EI): Mass caled for C,oH;3FeN,O, [M]*, 497.2.
Found 497 3.

Example 11

(+)-Ferrocenyl 2,6-dimethoxyphenyl imidazolium
tetrafluoroborate (4c)

Me
OMe
—
N, N
o) 5
| AgBF,
%1 Me Fe Me -
OMe l
Me Me
Me

(4c)
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-continued
OMe
o |
BE, Me 1|:e Me
OMe
Me Me
Me

(40)

A flame-dried 2 dram vial equipped with a stirbar is
charged with the ferrocenyl imidazolium chloride (35 mg,
0.066 mmol (4¢") The solid is then dissolved in acetonitrile (1
ml) and then silver tetrafluoroborate (15.3 mg, 0.079 mmol)
is added. The reaction mixture is allowed to stir at ambient
temperature under nitrogen for 16 hours. The reaction mix-
ture is then concentrated in vacuo and the crude residue is
purified by flash chromatography on neutral alumina (ac-
etone:EtOH, 7:1) to afford the pure tetrafluoroborate salt of
the NHC as an orange/red solid (4c) (33 mg, 86% yield).
Analytical data: "H NMR (500 MHz, Methanol-d,) 8 8.61 (s,
2H), 8.56 (s, 1H), 8.33 (s, 1H), 7.11 (s, 1H), 4.99 (d,J=2.5 Hz,
1H), 4.51 (d, J=2.6 Hz, 1H), 4.21 (t, J=2.6 Hz, 1H), 2.44 (s,
3H), 1.64 (s, 15H); 1>*C NMR (126 MHz, CDCl;) § 142.59,
138.13, 135.16, 134.89, 133.08, 125.16, 124.93, 124.34,
122.99, 115.02, 107.10, 89.93, 82.75, 78.85, 74.74, 67.99,
63.05, 49.85, 49.46, 49.28, 29.53, 19.48, 9.67. IR (neat) v
3128,3060,2946,2909, 1632, 1603, 1486, 1266, 1114, 1031,
729 cm™. LRMS. (ED): Mass caled for C29H33FeN 0O, [M]+
497.2. Found 497.3. [at] ,>°=+47.8° (¢=0.01, MeOH)

Example 12

(+)-Ferrocenyl 3,5-bis(trifluoromethyl)phenyl
imidazolium chloride (4d")

CFs

H,N
Formaldehyde,
| EtOH (HCI)

CF;3

7

Me Me

Me
&)

FsC

F;C
} Me

Me

Me
@4d")

10

15

20

25

35

40

45

50

55

65

20

A 2 dram vial equipped with a stir bar is charged with
formaldehyde (37%, 69.7 mg, 0.859 mmol), THF (4.5 mL),
and 3,5-bis(trifluoromethyl)aniline (118.0 mg, 0.515 mmol).
The mixture is stirred at ambient temperature for 1 hour and
then HCI (3.0 M in EtOH, 0.329 mL,, 0.988 mmol) is added
and the mixture is stirred for 30 minutes. (+)-Pentamethyl-
M°-cyclopentadienyl (1-methyl-1°-cyclopenta[b]pyridinyl-
3-carbaldehyde)iron (3) (150 mg, 0.429 mmol) is then added,
and the reaction is allowed to stir at ambient temperature for
24 hours while monitoring by TL.C analysis (90:10:1, DCM:
MeOH:AcOH, Rf~0.25). After 24 hours the reaction mixture
is diluted with diethyl ether:pentane (1:1) and the resulting
precipitate is filtered and washed with additional portions of
ether:pentane to provide the NHC as a bright orange solid
(133 mg, 51%) (4d"). Analytical data: 'H NMR (500 MHz,
CDCl,) 9 10.58 (s, 1H), 8.60 (s, 2H), 8.55 (s, 1H), 8.33 (s,
1H), 7.10 (s, 1H), 4.98 (d, J=2.6 Hz, 1H), 4.51 (s, 1H),
4.27-4.16 (m, 1H), 2.43 (s, 3H), 1.67-1.61 (m, 15H); °C
NMR (126 MHz, CDCl,) § 142.59, 135.15, 134.87, 133.07,
12432, 114.99, 107.07, 89.92, 82.74, 78.84, 74.72, 67.98,
63.01,49.45,19.46,9.65.1R (neat) v 3028, 2910, 2799, 1622,
1406, 1281, 1138, 1081, 1034, 698 cm™". LRMS (EI): Mass
caled for C,H, F FeN, [M]*, 573.1. Found 573.3.

Example 13

(+)-Ferrocenyl phenyl 3,5-bis(trifluoromethyl)phenyl
tetrafluoroborate (4d)

FsC
N
o NS AgBF,
©
Cl
F;C
Me Me
(ad’)
Me
FsC =
N, N
® N
|
© F
BE, Me | e Me
F;C
Me Me
Me
(4d)

A flame-dried 2 dram vial equipped with a stirbar is
charged with the ferrocenyl imidazolium chloride (25 mg,
0.041 mmol) (4d"). The solid is then dissolved in acetonitrile
(1 mL)and then silver tetrafluoroborate (9.6 mg, 0.049 mmol)
is added. The reaction mixture is allowed to stir at ambient
temperature under nitrogen for 16 hours. The reaction mix-
ture is then concentrated in vacuo and the crude residue is
purified by flash chromatography on neutral alumina (ac-
etone:EtOH, 7:1) to afford the pure tetrafluoroborate salt of
the NHC as an dark red solid (4d) (20.0 mg, 74% yield).
Analytical data: 'HNMR (500 MHz, CDCl,) § 10.10 (s, 1H),
7.24 (d, J=1.48 Hz 1H), 7.05 (s, 1H), 7.02 (s, 1H), 6.86 (s,
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1H), 5.60 (m, 1H), 4.20 (m, 1H), 4.04 (q, J=2.55 Hz, 1H), 2.39
(s, 3H), 2.36 (s, 3H), 2.18 (s, 3H), 2.01 (s, 3H), 1.66 (s, 15H);
13C NMR (126 MHz, CDCL,) & 141.46, 141.37, 134.68,
133.77, 131.33, 131.06, 130.14, 130.03, 129.92, 114.57,
105.25, 89.81, 81.56, 73.86, 66.04, 63.31, 21.31, 19.54,
17.78,17.51,9.84. 1R (neat) v 2917, 1708, 1622, 1572, 1474,
1384, 1280, 1180, 1081, 1035, 900, 534 cm™". LRMS (EI):
Mass caled for C,gH,-F FeN, [M]*, 573.1. Found 573.3.
[a] 5 =+20.6° (¢=0.01, MeOH).

Example 14

(=)-Ferrocenyl mesityl imidazolium Copper Chloride
Complex (-)-4a-CuCl

Cu,O

Me

(-4a)

10
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25

30

Me
(4a - CuCl)

A flame-dried 2 dram vial equipped with a stirbar is
brought into the glovebox and charged with the (-)ferrocenyl
imidazolium chloride (20 mg, 0.039 mmol) and copper(l)
oxide (5.3 mg, 0.037 mmol). The vial is then sealed with a
screw-cap with a teflon coated septa and then brought out of
the glovebox. THF (0.37 mL) is then added and the mixture is
heated to 60° C. After 24 hours the solution is concentrated
and the crude residue is purified by column chromatography
on silica gel (DCM, Rf~0.4) to provide the complex as an
orange solid (18 mg, 0.031 mmol). X-ray quality crystals are
obtained by vapor diffusion (DCM/pentane, -30° C.). Ana-
Iytical data: 'H NMR (500 MHz, CDCl,) 8 7.08 (s, 1H), 7.07
(s, 1H), 7.05 (s, 1H), 6.78 (s, 1H), 5.43 (m, 1H), 4.09 (s, 1H)
3.89 (d, J=2.89 Hz, 1H), 2.39 (s, 3H), 2.29 (s, 3H), 2.29 (s,
3H), 2.16 (s, 3H), 1.97 (s, 3H), 1.67 (s, 15H); *CNMR (126
MHz, CDCl;) § 139.85, 136.62, 136.55, 135.53, 134.80,
131.51,129.70, 129.66, 114.72, 107.96, 93.73, 81.21, 77.37,
71.73,65.53,62.79,30.10,21.27,19.28, 18.35,17.96, 10.22.

45

50

55

60

65

22
NHC-Catalyzed Annulation

Example 15
Ethyl

5-0x0-2,3-diphenyltetrahydrofuran-2-carboxylate
General Procedure

O
Ph CO,Et (-4 (10 mol %)
TBD (25 mol %)
+ - e
4 A sieves
G THF
Ph /\)k -
(o) O
[0) O
R \\‘\\
ph Ph*
“C0,Et Ph
Ph EtO,C
Major Minor
(6a) (6b)

A flame dried 2 dram vial equipped with a stirbar is brought
into the glovebox and charged with (+)-4 (0.016 mmol, 0.10
equiv), TBD (6.6 mg, 0.048 mmol, 0.30 equiv), and 4 A
molecular sieves (100 mg). The vial is then sealed with a
screw cap equipped with a teflon septa. The vial is then taken
out of the glovebox and THF (0.80 mL), ethyl 2-oxo0-2-phe-
nylacetate (57 mg, 0.32 mmol, 2.0 equiv) and cinnamalde-
hyde (21 mg, 0.16 mmol) are added. The reaction mixture is
then stirred at 23° C. for 36 hours (monitored by GC/MS).
The crude reaction mixture is filtered through celite and an
aliquot is taken to determine dr. After filtration the crude
mixture is concentrated and the crude residue is purified by
column chromatography on silca gel (2% EtOAc/Hex) to
provide the pure products. Analytical data matches that
reported in the literature (Li, Y. et al., Adv. Synth. Catal. 2008,
350, 1885, incorporated herein by reference). Major diaste-
reomer (Cis) '"H NMR (500 MHz, CDCL,): § 7.72-7.67 (m,
2H), 7.45-7.27 (m, 8H), 4.08 (dd, J=8.4, 4.1 Hz, 1H), 3.87-
3.80 (m, 2H), 2.88 (dd, J=17.6, 8.4 Hz, 1H), 2.79 (dd, J=17.7,
4.1 Hz, 1H), 0.89 (d, J=7.7 Hz, 3H). Enantiomeric ratio is
determined by chiral phase HPLC (chiralcel AD-H; i-PrOH-
hexane, 2:98, 1.0 mL/min, 210 nm); t, (major)=39.4 min, t,
(major)=60.0 min. and t, (minor)=17.1 min, t, (minor)=18.7
min. Absolute stereochemistry is assigned by analogy.

Example 16

Ethyl
5-0%0-2,3-diphenyltetrahydrofuran-2-carboxylate (6)

A flame dried 2 dram vial equipped with a stirbar is brought
into the glovebox and charged with (+)-4a (9.0 mg, 0.016
mmol, 0.10 equiv), TBD (6.6 mg, 0.048 mmol, 0.30 equiv),
and 4 A molecular sieves (100 mg). The vial is then sealed
with a screw cap equipped with a teflon septa. The vial is then
taken out of the glovebox and THF (0.80 mL), ethyl 2-oxo-
2-phenylacetate (57 mg, 0.32 mmol, 2.0 equiv) and cinnama-
Idehyde (21 mg, 0.16 mmol) are added. The reaction mixture
is then stirred at 23° C. for 36 hours (monitored by GC/MS).
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The crude reaction mixture is filtered through celite and an
aliquot is taken to determine dr. After filtration the crude
mixture is concentrated and the crude residue is purified by
column chromatography on silca gel (2% EtOAc/Hex) to
provide the pure products (6a) and (6b). Analytical data
matches that reported in the literature. Major diastereomer
(Cis) '"H NMR (500 MHz, CDCl,): 8 7.72-7.67 (m, 2H),
7.45-7.27 (m, 8H), 4.08 (dd, J=8.4,4.1 Hz, 1H), 3.87-3.80 (m,
2H), 2.88 (dd, J=17.6, 8.4 Hz, 1H), 2.79 (dd, J=17.7, 4.1 Hz,
1H), 0.89 (d, J=7.7 Hz, 3H). Enantiomeric ratio is determined
by chiral phase HPLC (chiralcel AD-H; i-PrOH-hexane,
2:98, 1.0 mL/min, 210 nm); t, (major)=39.4 min, t, (major)=
60.0 min. and t, (minor)=17.1 min, t, (minor)=18.7 min.

Example 17

Ethyl
5-0x0-2,3-diphenyltetrahydrofuran-2-carboxylate (6)

A flame dried 2 dram vial equipped with a stirbar is brought
into the glovebox and charged with (+)-4¢ (9.3 mg, 0.016
mmol, 0.10 equiv), TBD (6.6 mg, 0.048 mmol, 0.30 equiv),
and 4 A molecular sieves (100 mg). The vial is then sealed
with a screw cap equipped with a teflon septa. The vial is then
taken out of the glovebox and THF (0.80 mL), ethyl 2-oxo-
2-phenylacetate (57 mg, 0.32 mmol, 2.0 equiv) and cinnama-
Idehyde (21 mg, 0.16 mmol) are added. The reaction mixture
is then stirred at 23° C. for 36 hours (monitored by GC/MS).
The crude reaction mixture is filtered through celite and an
aliquot is taken to determine dr. After filtration the crude
mixture is concentrated and the crude residue is purified by
column chromatography on silca gel (2% EtOAc/Hex) to
provide the pure products (30.2 mg, 0.097 mmol, 61.2%
yield) (6a) and (6b). Analytical data matches that reported in
the literature. Major diastereomer (Cis) 'H NMR (500 MHz,
CDCl,): 8 7.72-7.67 (m, 2H), 7.45-7.27 (m, 8H), 4.08 (dd,
J=8.4,4.1 Hz, 1H), 3.87-3.80 (m, 2H), 2.88 (dd, J=17.6, 8.4
Hz, 1H), 2.79 (dd, J=17.7, 4.1 Hz, 1H), 0.89 (d, J=7.7 Hz,
3H). Enantiomeric ratio is determined by chiral phase HPL.C
(chiralcel AD-H; i-PrOH-hexane, 2:98, 1.0 ml/min, 210
nm); t, (major)=39.4 min, t. (major)=60.0 min. and t
(minor)=17.1 min, t, (minor)=18.7 min.

-

Transition Metal Catalyzed Transformations
Example 18

NHC/Cu-catalyzed Conjugate Borylation

O (-)-4a-CuCl (1 mol %)

)J\/\ (Bpin), (1.1 equiv)

EtO Z i C5,C0; (2 mol %)
toluene, MeOH

O B(pin)

EtO
91% yield, 98:2 er

Q)

Ph

A flame-dried 2 dram vial equipped with a teflon coated stir
bar is brought into the glovebox and charged with (S)-4a-
CuCl (1.16 mg, 0.002 mmol), bis(pinacolato)diboron (55.9
mg, 0.22 mmol), and cesium carbonate (1.30 mg, 0.004
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mmol). The vial is then sealed with a teflon coated septa
equipped screw cap and taken out of the glovebox. Toluene (1
mL) is then added and the solution is allowed to stir for 10
minutes before being cooled to 0° C. Trans-ethyl cinnamate
(35.2 mg, 0.20 mmol) and methanol (12.8 mg, 0.40 mmol) are
then simultaneously added to the reaction mixture at 0° C.
The reaction is allowed to stir at 0° C. until deemed complete
(1 h, monitored by GC/MS). The reaction mixture is then
concentrated and purified by column chromatography on
silica gel (5% EtOAc/HEX) to afford the desired product (55.3
mg, 0.182 mmol, 91% yield) (7). Analytical data matches that
reported in the literature (Lee, J.-E. etal., Angew. Chem. 2008,
120, 151, incorporated herein by reference). "H NMR (500
MHz, CDCl,): 8 7.25-7.13 (m, 5H), 4.16-4.05 (m, 2H), 2.88
(dd, J=16.2,10.0Hz, 1H), 2.74 (dd, J=10.0, 6.1 Hz, 1H), 2.65
(dd, J=16.3, 6.1 Hz, 1H), 1.22 (s, 6H), 1.17 (s, 6H). Enantio-
meric ratio (98:2) is determined after oxidation to the [-hy-
droxy compound and measured by chiral phase HPLC
(chiralcel OD-H; i-PrOH-hexane, 10:90, 0.5 mL/min); (5)
isomer t,=18.0 min. and (R) isomer t,=24.4 min. Absolute
stereochemistry is assigned by analogy.

Example 19

Ni Catalyzed Reductive Coupling

(-)-4a (10 mol %)
Ni(cod); (10 mol %)
_——

O Me

i,

Pi - Ph KO'Bu (10 mol %)

Et;SiH (2 equiv)
THF
OSiEt;

x

Me
65% yield, 93:7 er

®

Ph Ph

A flame-dried 2 dram vial equipped with a stirbar is
brought into the glovebox and charged with (-)-4a (10.7 mg,
0.019 mmol), Ni(COD), (a nickel catalyst) (5.20 mg, 0.019
mmol), and KO'Bu (2.12 mg, 0.019 mmol) and then sealed
with a screw cap with a Teflon septa. The vial is then taken out
of the glovebox and THF (1.5 mL) is added. The solution is
allowed to stir for 10 minutes at ambient temperature and then
the reaction mixture is cooled to 0° C. Triethylsilane (60.2 uL,,
0.377 mmol) is added to the reaction at 0° C. and the solution
is stirred for 5 minutes before being warmed back to ambient
temperature. Benzaldehyde (19.2 ul,, 0.188 mmol) is then
added followed by slow addition of a solution of 1-phenyl-1-
propyne (30.7 ul, 0.245 mmol) in THF (0.4 mL) over the
course of 2 hours. After the addition is complete it is allowed
to stir at ambient temperature overnight (12 hours) and then
the reaction is quenched by opening to air and stirring for 15
minutes. The crude reaction mixture is then filtered through a
plug of silica gel (30% EtOAc/Hex) and the solvent is evapo-
rated under reduced pressure. The crude material is then
purified by column chromatography on silica (1-2% EtOAc/
Hex) to provide the product (41.5 mg, 0.123 mmol, 65%
yield) (8) as a clear oil. Analytical data matches that reported
in the literature (Infante, R. et al., Eur. J. Org. Chem. 2013,
2013, 4863. '"HNMR (500 MHz, CDCl,): §7.56 (d, J=7.5 Hz,
2H)7.41-7.45 (m, 6H) 7.30-7.36 (m, 2H) 6.85 (s, 1H), 5.38 (s,
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1H) 1.80 (d, J=1.5 Hz, 3H) 1.09 (t, J=8.5 Hz, 9H) 0.78 (q,
J=8.0 Hz, 6H). Enantiomeric ratio (93:7) is determined after
silyl deprotection followed by chiral phase HPLC (Regis
(8,5)-Whelk-01, 25 cmx4.6 mm; 5% IPA/hexanes 1.0
ml/min, 254 nm), (5) isomer t,=8.1 min. and (R) isomer
1,=9.4 min. Absolute stereochemistry is assigned by analogy.

Example 20

Crystal Structure—Determination of Absolute
Stereochemistry of (+)-Ferrocenyl Mesityl
Imidazolium Tetrafluoroborate (4a)

Me
—_—
Mes/g\vN
|
Me Fe Me
© I
BF,
Me Me
Me

The absolute sterecochemistry of (+)-ferrocenyl mesityl
imidazolium tetrafluoroborate (4a) is determined by the
X-ray diffraction. Recrystallized from solvent diffusion of
Et,O into CH,Cl,.

X-ray diffraction is performed at 100.03 K and raw frame
data is processed using SAINT. Molecular structures are
solved using direct methods and refined on F2 by full-matrix
least-square techniques. The GOF=1.039 for 352 variables
refined to R1=0.0298 for 4427 reflections with I>2a(I). A
multi-scan absorption correction is performed and the Flack
parameter is -0.0090(19). The crystal is deposited in the
Cambridge Crystallographic Data Centre and assigned as
CCDC 1007913.

Example 21
Crystal Structure—Determination of Absolute

Stereochemistry of (-)-Ferrocenyl Mesityl
Imidazolium Copper Chloride Complex

Me

The absolute stereochemistry of (-)-ferrocenyl mesityl
imidazolium copper chloride complex is determined by the
X-ray diffraction. Recrystallized from slow evaporation of
CH,Cl,/pentane at -30° C.

X-ray diffraction is performed at 100.04 K and raw frame
data is processed using SAINT. Molecular structures is
solved using direct methods and refined on F2 by full-matrix
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least-square techniques. The GOF=1.047 for 325 variables
refined to R1=0.0201 for 4072 reflections with I>2a(I). A
multi-scan absorption correction is performed and the Flack
parameter is 0.033(2). Further information can be found in
the CIF file. This crystal is deposited in the Cambridge Crys-
tallographic Data Centre and assigned as CCDC 1007914.

In conclusion, a new class of planar chiral N-heterocyclic
carbenes (NHCs) which incorporate an iron sandwich com-
plex into the NHC framework have been prepared. Addition-
ally, a survey of organocatalytic and transition metal-cata-
lyzed reactions demonstrates the utility of this new NHC
towards catalysis. The late-stage formation of the azolium
allows for a modular synthesis of derivatives.

What is claimed is:
1. A catalyst compound selected from a group consisting of

and

Me

2. A method of preparing an addition product of a
homoenolate and an a.-ketoester comprising contacting the
homoenolate and the c.-ketoester with a compound of claim 1
and affording an annulation product.

3. A method for nickel-catalyzed reductive coupling of an
aldehyde and to an alkyne comprising contacting the alde-
hyde and the alkyne with a nickel catalyst and a compound of
claim 1 and affording an allylic alcohol.
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4. A method according to claim 3, wherein the allylic
alcohol is formed in an enantiometeric ratio of about 93:7.

5. A method according to claim 3, wherein the allylic
alcohol is formed with about 20:1 regioselectivity.

6. A method for copper-catalyzed conjugate borylation of
an o, -unsaturated ester comprising complexing a compound
of'claim 1 with CuCl to form a catalytic complex, contacting
the a,-unsaturated ester and a boron-containing compounds
with the catalytic complex, and affording a conjugate prod-
uct.

7. A method according to claim 6, wherein the catalytic
complex is a complex comprising CuCl and

Me

8. A method according to claim 7, wherein the boron-
containing compound is bis(pinacolato)diboron.

#* #* #* #* #*
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